Isoliquiritigenin (ILG) is a hydrophobic component in licorice and has a variety of pharmaceutical and biological activities. In this study, we prepared an isoliquiritigenin-hydroxypropyl-β-cyclodextrin (ILG/HP-β-CD) complex by freeze-drying method to enhance its water solubility. The complex was characterized by phase solubility studies, DSC, SEM, and 1H NMR. Antimicrobial activities against Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) were evaluated by broth dilution method. The results showed that the stoichiometry of ILG/HP-β-CD complex was 1 : 1. The antimicrobial activity of ILG/HP-β-CD complex was higher than that of using free ILG against S. aureus and E. coli. Therefore, we suggest that ILG/HP-β-CD complex may be used as a natural antiseptic and could potentially replace synthetic preservatives in cosmetic and food industries.
oxidative [2] , anti-inflammatory [3] , anticancer [1] , and whitening effects [4] . ILG also exhibits antimicrobial activities, which are superior to those of other licorice ingredients (glycyrrhizin, liquiritin, liquiritigenin) , against Bacillus subtilis, Propionibacterium acnes, Escherichia coli, and Pseudomonas aeruginosa [5] . However, because ILG is a hydrophobic molecule with a water solubility of only 6.66 µg/mL, the pharmaceutical application of this substance as a drug has been hindered.
Cyclodextrins (CDs) are cyclic oligosaccharides composed of D-glucopyranose with a hydrophobic cavity and a hydrophilic surface. Depending on the number of glucopyranose units, CDs are classified as α-CD (6 units), β-CD (7 units), and γ-CD (8 units). CDs can be used to encapsulate hydrophobic molecules in their cavity, thus enhancing the water solubility, and with it biological activity, and stability, of drugs [6] . In addition, complexation with cyclodextrins is used to improve drug stability against UV radiation, light, and heat [7] . Hydroxypropyl-β-cyclodextrin (HP-β-CD) is a hydroxylalkylated form of cyclodextrin. It is characterized by high water solubility, low toxicity, and great stability [8] .
Encapsulation of hydrophobic molecules in cyclodextrins has been reported in many articles. When complexed with cyclodextrins, a variety of activities of hydrophobic drugs were increased as the water solubility is enhanced [6, 7] . Notably, when essential oils, which are poorly water soluble, were encapsulated in cyclodextrin, their antimicrobial activities were enhanced compared to free essential oils. In addition, genistein, one of isoflavones, cyclodextrins complexes showed an improvement of the antimicrobial activity on Bacillus subtilis in previous study [9] . These results suggested that enhancement of water solubility could improve their antimicrobial activity in aqueous solutions [10, 11] .
Therefore, in this study the ILG/HP-β-CD complex was prepared by freeze-drying method for improving pharmaceutical activity. This complex was characterized by differential scanning calorimetry (DSC), scanning electron microscopy (SEM), and nuclear magnetic resonance ( 1 H NMR). Water solubility of ILG in the presence of various concentrations of HP-β-CD was evaluated by phase solubility studies and antimicrobial activities against S. aureus and E. coli were evaluated by broth dilution method.
Materials and Methods

Materials
Isoliquiritigenin, hydroxypropyl-β-cyclodextrin, methyl paraben were purchased from Sigma (St. Louis, MO, U.S.A.). Tween 80® (polysorbate 80) surfactant was kindly provided by Saimdang, Co. Ltd. (Cheongju, Korea). S. aureus (ATCC 6538) and E. coli (ATCC 23726) was provided by the Korean Culture Center of Microorganisms (KCCM, Seoul, Korea). Mueller-Hinton broth and agar were purchased from Becton, Dickinson and Company (BD, Franklin Lakes, NJ, USA). Water was deionized and Milli-Q filtered. Other solvents used such as ethanol, DMSO-d6 were analytical grade.
Preparation of ILG/HP-β-CD complex
ILG/HP-β-CD complex was prepared by freeze-drying method. 5 mM ILG was added to a 5 mM HP-β-CD solution (100 mL) in a 1 : 1 molar ratio. The resulting mixture was stirred for 48 h at 25 ℃ to reach equilibrium. The mixture was filtered through a 0.45 µm filter (25 mm, Minisart, Sartorius) to remove free ILG. After filtration, the solution was frozen at -60 ℃ for 24 h and lyophilized at -60 ℃ for 48 h.
Differential scanning calorimetry (DSC) analysis
The crystallinity of ILG and ILG/HP-β-CD complex was analyzed by differential scanning calorimetry (DSC) analysis using a Shimadzu DSC-60 series instrument (Dong-il Shimadzu Corp., Seoul, Korea).
The analysis was performed from 25 to 250 ℃ at a heating rate of 10 ℃/min.
Scanning electron microscopy (SEM) analysis
The surface morphology of ILG, HP-β-CD, physical mixture and inclusion complex was examined using SEM (TESCAN VEGA3, Cranberry TWP, PA, USA) with 20 Kv accelerating voltage. Dried samples were attached to carbon tapes. The tapes were then attached to a metal stub and coated with gold by using a Cressington 208HR sputter coater (Cressington Scientific Instruments Ltd., UK) at 20 mA for 300 s.
Nuclear magnetic resonance ( 1 H NMR) analysis
1 H NMR experiments were performed at 298 K using Broadband MERCURY, 400 MHz NMR system (Varian, USA). 1 H NMR spectrums of ILG, HP-β-CD, and inclusion complex were obtained by dissolving them in 0.65 mL of DMSO-d6.
Phase solubility study of ILG/HP-β-CD complex
Phase solubility studies were carried out according to the previously reported method by Higuchi and Connors[12] . First, excess ILG was added to various concentrations of HP-β-CD solution (0-10 mM). Then, the mixtures were stirred for 48 h at 25 ℃ and 37 ℃, respectively. After equilibrium was reached, the solutions were centrifuged (13,000 rpm, 10 min), and supernatants were analyzed by UV-Vis spectrometry (Cary 50, Australia) at ILG's maximum absorbance wavelength of 371 nm.
The stability constants (Ks) were calculated from phase solubility diagrams, following Eq. (1), where So is the concentration of ILG in the absence of HP-β-CD. The slope in the equation is the slope of the phase solubility diagram. Thermodynamic factors were obtained using temperature and stability constants. When ILG was encapsulated in HP-β-CD, Gibb's free energy (ΔG) was calculated by Eq. (2), where R is the universal gas constant (8.314 Jmol ) and T is temperature in Kelvin.
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